To achieve maximally efficient signal processing, an electrical signal processing circuit needs to be replaced with an optical one. Optical micro-resonators, storing light at certain spots, are essential for optical signal processing. Single-crystal Calcium Fluoride (CaF 2 ) is the most suitable material for highly efficient optical micro-resonators, and a resonator made of CaF 2 can be manufactured by ultra-precision machining. However, the performance of such optical micro-resonators depends on its surface integrity.
Introduction
Development of optical transmission technique has led to a dramatic increase in transmission speed of communication devices. Although a signal is transmitted as an optical signal, it needs to be converted into an electrical signal for signal processing purposes. In electrical signal processing, transmission speed decreases and energy loss caused by Joule heat occurs in an integrated circuit. Extremely high processing speed and a reduction in energy loss could be achieved if a conventional signal processing circuit is replaced with an optical one. Optical micro-resonators, localizing light at certain spots, are essential for optical signal processing. While various semiconductor materials such as Silica or SiNb 3 are utilized [1, 2] for optical microresonators, from the point of view of absorption coefficient one of the most suitable crystalline materials is CaF 2 [3] . With respect to the manufacturing process, etching and irradiating with CO 2 laser have been generally employed. However, the application of these processes to CaF 2 is hindered by two problems: the difficultly in controlling the anisotropic etching for fabricating efficiently bulge-shaped resonators [4, 5] and breaking of a single crystal structure by laser heat. In addition to these problems, the actual performance of a CaF 2 optical micro-resonator becomes lower than that of an ideal one.
As shown by Maleki, ultra-precision turning and polishing is very suitable for manufacturing CaF 2 resonators [6, 7] . Although polishing makes the surface of a resonant part smoother [8, 9] , a prolonged polishing reduces the form accuracy. In order to shorten the polishing time, a smoother surface should be made during the ultra-precision cutting process. In addition, single crystal CaF 2 is characterized by hard brittleness and crystal anisotropy. Yan [10] showed that crack initiation depended on the cutting direction and the critical depth of cut remarkably changed, depending on the crystal orientation. In previous papers on CaF 2 machining, a focus was made on ultra-precision machining at the end face, at which a crystalline plane is likely to be uniform. By contrast, cylindrical turning, which is the technique for fabricating the bulge-shaped resonators, implies that the crystalline plane and the cutting direction constantly vary.
In this study, the relation between the surface integrity following ultra-precision cylindrical turning and crystal anisotropy was investigated from the perspective of mechanics and crystallography. TEM observations and XRD spectrum measurements were also conducted to investigate the subsurface damage and crystal quality.
Experimental procedure

Ultra-precision cylindrical turning
Cylindrical turning was carried out by using the ultraprecision aspheric machine tool (ULG100E (HYC),TOSHIBA MACHINE Co., Ltd.). CaF 2 workpieces (diameter of 6 mm, length of 30 mm) with end face orientations of (111) and (100) were prepared. Figure 1 shows the experimental set-up of cylindrical turning. A workpiece, fixed with a brass jig, was mounted onto the vacuum chucks. Firstly, brittle-mode rough cutting was performed to achieve the 1 mm diameter under the following cutting conditions: rotation speed of 1000 min -1 , 20 μm/rev feed per revolution, and a 2 μm deep cut. Afterward, ductile-mode finishing cutting was performed under the conditions listed in Table 1 . The optical microscope image of the single crystal diamond tool (nose radius of 0.2 mm, rake of -20°, clearance of 8°) is shown in Figure 1 (b).
The most challenging point in the cylindrical turning of a CaF 2 crystal is that the crystalline plane and the cutting direction change continuously. Figure 2 illustrates the schemata of observation points, viewed from the end face. The whole machined surface was observed by using the optical microscope and 3-dimensional surface structure, and the relation between the surface integrity and crystal anisotropy was analyzed from the perspective of the slip system and cleavage.
TEM observations
Cross-sectional TEM (Transmission Electron Microscope) was used to examine the subsurface damage of a machined CaF 2 in detail. Figure 3 shows the machined surface following the orthogonal cutting [11] on a (110) plane in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] direction, where the critical depth of cut is around 600 nm. The TEM sample was cut out from the region at a depth of 50 nm and thinned to about 100 nm by using the focused ion beam (FIB) technique. To protect from the expected damage by the FIB, a carbon (C) coating was deposited on the sample.
XRD spectrum measurements
XRD measurements were conducted to analyze the crystal quality of CaF 2 (end face orientations of (111) and (100)) following the cylindrical turning. The 2θ-θ method allows measuring the X-ray diffraction on a subsurface layer, which is several μm deep. The measured cylindrical surfaces were the region of the (b) Figure 4 shows two typical micrographs obtained following the cylindrical turning, as well as the schemata corresponding to the crystal structure. The machined surfaces were 0° and 30° regions relative to (01-1) in the end face orientation (111). As shown in Figure 4 (a), a smooth surface with no micro-cracks was obtained due to the slip system in [-111] direction [11] . When cutting direction coincided with the slip system, plastic deformation was promoted and the critical depth of a cut became deeper. On the other hand, micro-cracks seemed to appear along the side-line of the cleavage plane, as shown in Figure 4 (b). Stress state of brittle and ductile region cutting was investigated by Yan [12] . In cylindrical rough turning, there existed a concentration region of tensile stress in front of the tool. Cracks would penetrate deeper because tensile stress was liable to aid in cleavage. In cylindrical finishing turning, larger negative rake face suppressed the surface due to the effective rake angle. Thus, as shown in Figure 5 , a larger tensile stress in the region behind the tool acted on the cleavage plane and led to elastic recovery, or spring back [13, 14] . Note that it is desirable to avoid the tensile stress on the cleavage plane during rough and finishing cutting. Figure 6 shows the variation of the roughness Ra of the whole machined surface, with end faces of (111) and (100). It is clear that the surface integrity periodically changes, corresponding to the crystal orientation. Taking into account the symmetry structure of CaF 2 , cycles of crystal structure would be 120° in the case of end face orientation (111), and 90° in the case of end face orientation (100). The sample with the end face orientation (111) was periodically affected by the slip system and the cleavage. Contrary to this, at the end face orientation (100), smooth surfaces were obtained that hardly had any micro-cracks throughout the whole machined surface. As the crystal structure schematic in Figure 7 shows, the mirror symmetry structure contributed to the mutual reduction of tensile force on the cleavage plane in all crystallographic orientations, which resulted in keeping the surface roughness smooth. Note that CaF 2 with end face orientation (100) is the most suitable crystal structure for a precision performance CaF 2 optical micro-resonator. Figure 8 shows a TEM micrograph of the (110) plane sample obtained after the orthogonal cutting under the conditions of 50 nm deep cut. We cannot confirm the existence of subsurface damage and predominant dislocation on the sample. This conclusion was reached from two perspectives. First, no subsurface damage and dislocation were actually generated at the point of observation. Second, the TEM sample has deteriorated during the preservation period before the TEM observations. In general, a TEM sample is likely to deteriorate following the FIB removal process. Thus, it is necessary to account for a TEM sample condition when analyzing the subsurface damage. Figure 9 shows two results obtained from XRD spectrum measurements: 1) a (b) plane of the sample with end face orientation (111), and 2) a (010) plane of the sample with end face orientation (100). In the former sample, the Laue spot was not clear and an amorphous layer was observed to be at least few μm deep. It was clear that a crack that was initiated by the cleavage had influenced the crystal quality of the subsurface area. On the other hand, in the latter case, the Laue spot was clear and intensity peaks were clearly observable. It was found that the subsurface crystal quality of a ductile surface with no micro-cracks was preserved. Note that an extremely smooth surface and the retention of the crystal quality can be achieved by cylindrical turning on CaF 2 with end face orientation (100).
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Conclusions
The present paper discusses surface integrity and subsurface damage following cylindrical turning from the perspective of crystal anisotropy. Analysis of cylindrical machined surfaces reveals that crack initiation and surface integrity depends on the cleavage caused by the tensile stress. However, the mirror symmetry structure of CaF 2 with the end face orientation of (100) contributed to a mutual reduction of tensile force on the cleavage plane in all crystallographic orientations. The subsurface damage was also observed by using the TEM and X-ray analyzers. Results of TEM measurements suggest that it is important to account for the deterioration of the TEM sample's condition. XRD measurements clarify that the crystal quality of the subsurface area depends on the surface integrity and micro-cracks. From the results of the above-mentioned study, the end face orientation (100) appears to be the most suitable crystal structure of CaF 2 for a high performance CaF 2 optical micro-resonator in terms of surface integrity and subsurface damage. 
